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ABSTRACT
We search the Sloan Digital Sky Survey and the Baryon Oscillation Sky Survey to identify ∼ 5500
massive compact quiescent galaxy candidates at 0.2 < z < 0.8. We robustly classify a subsample of
438 E+A galaxies based on their spectral properties and make this catalog publicly available. We
examine sizes, stellar population ages and kinematics of galaxies in the sample and show that the
physical properties of compact E+A galaxies suggest that they are a progenitor of massive compact
quiescent galaxies. Thus, two classes of objects−compact E+A and compact quiescent galaxies−may
be linked by a common formation scenario. The typical stellar population age of compact E+A galaxies
is < 1 Gyr. The existence of compact E+A galaxies with young stellar populations at 0.2 < z < 0.8
means that some compact quiescent galaxies first appear at intermediate redshifts. We derive a lower
limit for the number density of compact E+A galaxies. Assuming passive evolution, we convert this
number density into an appearance rate of new compact quiescent galaxies at 0.2 < z < 0.8. The
lower limit number density of compact quiescent galaxies which may appear at z < 0.8 is comparable
to the lower limit of the total number density of compact quiescent galaxies at these intermediate
redshifts. Thus, a substantial fraction of the z < 0.8 massive compact quiescent galaxy population
may descend from compact E+A galaxies at intermediate redshifts.
Subject headings: galaxies: formation — galaxies: evolution — galaxies: starburst — galaxies: funda-
mental parameters
1. INTRODUCTION
The formation and growth of galaxies is the sub-
ject of intense research. The average size of massive
galaxies which have ceased star formation (i.e., quies-
cent galaxies) is substantially smaller at z ∼ 2 than
similarly massive systems in the nearby universe (e.g.,
Daddi et al. 2005; van der Wel et al. 2014). The physi-
cal origin for the increase in the average size of quies-
cent galaxies remains uncertain and various mechanisms
have been proposed. Individual galaxies may grow via
mergers (e.g., White et al. 2007; Bezanson et al. 2009;
Naab et al. 2009; Newman et al. 2012), by the acqui-
sition of disks at later times (Dullo & Graham 2013;
Graham et al. 2015) or galaxies added to the quiescent
population at later times may be larger (i.e., progeni-
tor bias; van Dokkum & Franx 2001; van der Wel et al.
2009; Carollo et al. 2013). The growth of individual com-
pact quiescent galaxies and progenitor bias are not mu-
tually exclusive explanations for the average increase in
size of the quiescent galaxy population at late times (e.g.,
Khochfar & Silk 2006).
The abundance of massive compact quiescent galax-
ies may help to discriminate among various growth sce-
narios. The number density of compact galaxies in the
nearby universe measured from the Sloan Digital Sky
Survey (SDSS) appears to be a few orders of magnitude
smaller than at z ∼ 2 (Trujillo et al. 2009; Taylor et al.
2010). However, several recent studies argue that the
abundance of compact galaxies is nearly constant when
dense regions in the local universe (Valentinuzzi et al.
2010; Poggianti et al. 2013) and/or intermediate red-
shifts are probed (Carollo et al. 2013; Damjanov et al.
2014, 2015). There is some possible tension between
the increasing average size of quiescent galaxies with
time and the constant abundance of compact galaxies
at z < 1. The appearance of new massive compact qui-
escent galaxies at z < 1 would mitigate this tension.
E+A galaxies have spectral properties of a young
stellar population superposed on an older popula-
tion (Dressler & Gunn 1983). These galaxies are de-
fined by strong Balmer absorption lines and the ab-
sence of emission lines; properties indicative of a
starburst in the last . 1 Gyr and a cessation of
star formation shortly thereafter (e.g., Dressler & Gunn
1983; Couch & Sharples 1987; Fabricant et al. 1991;
Dressler & Gunn 1992; Tran et al. 2003, 2004; Goto
2005, and many others). Thus, E+A galaxies are a class
of objects which can be spectroscopically identified as
newly formed quiescent galaxies, i.e. galaxies which have
only recently shut down star formation.
The E+A phase is short-lived. Whether a galaxy which
has recently shut down star formation experiences an
E+A phase depends on the star formation history and
transformation scenario (Falkenberg et al. 2009). The
spectra of many high redshift compact quiescent galaxies
show the standard spectral features of E+As (e.g., see
Figure 1 in van Dokkum et al. 2008; Kriek et al. 2006;
Bezanson et al. 2013). Similar spectral features are also
2observed in some intermediate and low redshift compact
quiescent galaxies (Trujillo et al. 2009; Damjanov et al.
2014). Thus, the E+A phase may be a common evolu-
tionary stage for compact quiescent galaxies.
Compact E+A galaxies are a subset of the broader
class of compact quiescent galaxies. Whether compact
E+A galaxies (which are quiescent by definition) are in-
cluded in samples of compact quiescent galaxies depends
on the definition of quiescence. Galaxies are often classi-
fied as quiescent based on photometry rather than spec-
troscopy. Colors of galaxies are a global property of the
stellar population which evolve more slowly than emis-
sion line properties which depend on massive, short-lived
stars. Thus, samples of compact quiescent galaxies iden-
tified photometrically may or may not include compact
E+A galaxies. Compact E+A galaxies do however ap-
pear in samples of compact quiescent galaxies identified
spectroscopically (e.g., Damjanov et al. 2014).
We seek to establish and quantify the appearance of
new massive compact quiescent galaxies at intermediate
redshifts. Within the massive compact quiescent galaxy
population, we search for the subset of compact E+A
galaxies. We classify E+A galaxies in a sample of massive
compact quiescent galaxies with SDSS and Baryon Oscil-
lation Sky Survey (BOSS) spectroscopy at 0.2 < z < 0.8.
Compact E+A galaxies at z < 0.8 would suggest that
new massive compact quiescent galaxies do appear at in-
termediate redshifts. Quantifying the abundance of com-
pact E+A galaxies is critical for understanding how new
compact quiescent galaxies contribute to the preexist-
ing compact quiescent galaxy population at intermediate
redshifts.
The data and methods are described in Section 2. The
physical properties of galaxies are presented in Section
3 and we derive an estimate for the appearance rate of
new compact galaxies in Section 4. We discuss the results
in Section 5 and conclude in Section 6. Throughout we
assume the standard cosmology (H0,Ωm,ΩΛ) = (70 km
s−1 Mpc−1, 0.3, 0.7).
2. DATA AND METHODS
We select objects from the SDSS DR121 (Alam et al.
2015) which includes resolved sources from the Legacy
survey of ∼ 900, 000 galaxies with r < 17.8 (York et al.
2000) and the Baryon Oscillation Spectroscopic Survey
(BOSS) of ∼ 1.5 million luminous red galaxies with
i < 19.9 (Eisenstein et al. 2011). The surveys also in-
clude ∼ 350, 000 unresolved sources targeted as quasars
in the SDSS and BOSS with i < 20.2 and g < 22, respec-
tively (Richards et al. 2002; Ross et al. 2012). A small
fraction of the unresolved sources in our sample are from
the Sloan Extension for Galactic Understanding and Ex-
ploration (SEGUE) stellar survey (Yanny et al. 2009).
The nominal spectral range of the SDSS and BOSS
observations are 3800 − 9200A˚ and 3600 − 10000A˚, re-
spectively, at a spectral resolution of R ∼ 2000. For the
resolved sources, we adopt the Petrosian i-band half-light
radius measured from the standard SDSS photometric
reduction (Stoughton et al. 2002). For the unresolved
sources, we use the PSF magnitudes from the photomet-
ric pipeline (Stoughton et al. 2002). We use the stellar
masses, emission line properties and velocity dispersions
1 http://www.sdss.org/dr12/
calculated by the Portsmouth Group2. Stellar masses
are derived by fitting the ugriz magnitudes assuming a
Kroupa (2001) initial mass function (IMF) and the stel-
lar population models of Maraston (2005). Details of the
velocity dispersion and emission line measurements are
in Thomas et al. (2013).
We use the surveys to identify massive compact qui-
escent galaxies and to search for a subsample of post-
starburst galaxies at 0.2 < z < 0.8. We derive two parent
samples from the SDSS DR12. We select the first sam-
ple from resolved objects in the SDSS and BOSS that are
compact on the basis of SDSS imaging. We select the sec-
ond sample from unresolved objects targeted as stars or
quasars. Both samples are limited to 0.2 < z < 0.8. The
redshift selection yields a sample of bright, high surface
brightness candidates. These objects tend to be massive
compact galaxies (Zahid et al. 2015). Quiescent, non-
star-forming galaxies are selected throughout by requir-
ing that the equivalent width of [OII]λ3726 + [OII]λ3728
(EW [OII]) , EW Hβ and EW Hα is < 2.5A˚.
2.1. The Resolved Sample
We select the resolved sample from the main galaxy
sample of the SDSS and the luminous red galaxy sample
of BOSS. We refer to this sample as the “resolved parent
sample.” We select compact objects based on a widely
used classification of compactness (Barro et al. 2013, B13
hereafter):
Σ1.5 = log
(
M/R1.5e
)
> 10.3 M⊙ kpc
−1.5. (1)
Here, M is the stellar mass and Re is the half-light ra-
dius. The B13 classification is based on stellar masses
calculated assuming the Chabrier (2003) IMF which are
∼ 0.05 dex smaller than stellar masses used here (calcu-
lated based on the Kroupa IMF). However, this differ-
ence is negligible because the classification of compact
galaxies based on SDSS sizes is very conservative.
The SDSS Petrosian half-light radius is not corrected
for seeing, typically & 1′′.2 (Stoughton et al. 2002).
Thus, the SDSS Petrosian sizes of galaxies−which are
generally near the resolution limit−are significantly over-
estimated; consequently Σ1.5 is significantly underesti-
mated (e.g., Shen et al. 2003).
We show below that the Σ1.5 selection criteria we ap-
ply robustly select massive compact quiescent galaxies
in the SDSS. Using the selection criteria we derive a re-
solved parent sample of 3809 massive compact quiescent
galaxies (1526 and 2283 galaxies in the parent sample are
part of the SDSS Legacy and BOSS luminous red galax-
ies samples, respectively). Figure 2 shows the properties
of the resolved parent sample.
2.2. Testing the Compact Galaxy Classification
We test the robustness of the classification of com-
pact galaxies by comparing sizes measured for the same
objects using both SDSS and HST imaging. We cross
match SDSS galaxies with catalogs of HST sizes using a
0”.5 matching radius. These galaxies are not part of the
sample we analyze in this study; this sample of galaxies
with SDSS and HST imaging is derived solely to test the
robustness of the compact galaxy classification which is
2 http://www.sdss.org/dr12/spectro/galaxy portsmouth/
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Fig. 1.— (A) Compact classification of the same 202 galaxies
based on SDSS and HST sizes (Sargent et al. 2007; Griffith et al.
2012). The dotted lines show the compact galaxy classification of
B13 and the solid line is the one-to-one relation. The typical error
is shown in the lower right. Due to the lack of uniform spectroscopy
for this sample, quiescent galaxies are selected based on rest-frame
colors. (B) The size versus mass diagram for 47 galaxies classified
as compact based on SDSS photometry but with sizes remeasured
using higher quality imaging from the DLS (see text for detail).
The red dotted line is the B13 compact galaxy classification. The
typical error bars are shown in the lower right. For this comparison,
quiescent galaxies are selected based on Dn4000 (> 1.5).
based on SDSS imaging alone. We identify 143 and 59
galaxies in the Sargent et al. (2007) and Griffith et al.
(2012) catalogs, respectively. For this sample, 100 galax-
ies have spectroscopic redshifts from various sources and
102 have only photometric redshifts (Ilbert et al. 2009).
We refer to this cross-matched sample as the “overlap”
sample.
The HST size estimates for the overlap sample are
based on imaging from the Advanced Camera for Sur-
veys. Each galaxy size is based on a Sersic model profile
(Sersic 1968; Graham & Driver 2005):
Σ(R) = Σee(
−k[(R/Re)
1/n
−1]). (2)
The free parameters of the model are the half-light ra-
dius, Re and the Sersic index, n. Σe is the surface bright-
ness at Re and k is a constant chosen such that half the
light is contained within Re. To account for the point
spread function (PSF), each two dimensional model is
first convolved with the PSF derived from observations
of bright stars and then fit to the observations.
One hundred and three of the 202 objects in the over-
lap sample are compact on the basis of HST sizes. Fig-
ure 1A shows a comparison of Σ1.5 calculated from SDSS
and HST. Most galaxies fall below the one-to-one relation
because SDSS sizes are not seeing corrected and there-
fore typically are an overestimate the true size of small
galaxies. Many bona fide compact galaxies (red points in
Figure 1A) do not appear compact based on SDSS sizes.
Figure 1A also shows that every galaxy that is classi-
fied as compact based on SDSS imaging is also compact
based on HST imaging.
In Figure 1B we test the compact classification further.
Based on SDSS imaging, we identify compact galaxies
with Σ1.5 > 10.3 in the four square degree F2 field of the
Deep Lensing Survey (DLS, Wittman et al. 2002). We
remeasure sizes for these galaxies with deeper, higher
resolution DLS photometry using GALFIT (Peng et al.
2002) and the Sersic model described by Equation 2. The
images are taken when seeing is ≤ 0′′.9 (Wittman et al.
2002) and the sizes are corrected for seeing by convolving
models with the PSF determined from observations of
stars in the DLS images. A significant majority of objects
(94%) classified as compact based on SDSS sizes are also
classified as compact based on DLS sizes.
Figures 1A and 1B both show that SDSS sizes are over-
estimated; thus the compact galaxy classification we use
for the resolved sample is quite conservative.
2.3. The Point Source Sample
We select a second parent sample from galaxies classi-
fied as point sources in SDSS imaging. We refer to this
sample as the “point source parent sample.” Most of the
objects were initially targeted as quasars (Richards et al.
2002; Ross et al. 2012). We first select all objects with
photometric flag “TYPE” equal to “STAR”. This selec-
tion limits the sample to unresolved objects. We then se-
lect objects with the spectroscopic flag “CLASS” equal to
“GALAXY” removing objects identified as quasars and
stars. The point source parent sample consists of 1714
galaxies: 1001, 589 and 124 of the galaxies are from the
BOSS, SDSS and SEGUE surveys, respectively.
Damjanov et al. (2014) examine point sources identi-
fied as galaxies in BOSS to estimate the number den-
sity of compact galaxies at intermediate redshifts. Four-
teen of the point sources in their sample are found
in the Canada-France-Hawaii Telescope (CFHT) Mega-
Cam database. The CFHT MegaCam images are deeper
and observed at higher resolution (seeing < 0.”9).
Damjanov et al. (2014) fit the Sersic profile described by
Equation 2 using GALFIT. The final fits are corrected
for the PSF derived from point sources near each tar-
get galaxy. All 14 of the galaxies that are point sources
in the SDSS imaging are compact galaxies based on the
CFHT MegaCam imaging. Damjanov et al. (2014) con-
clude that > 82% of the galaxies in their point source
sample are compact. We select our sample in a simi-
lar manner. Thus, the vast majority of these unresolved
galaxies are compact.
2.4. E+A Galaxy Identification
We adopt a standard definition of E+A galaxies: [OII]
EW < 2.5A˚ and Hδ EW < −5A˚3. We follow the proce-
dure outlined in Goto et al. (2003) to measure Hδ EWs.
We use the Hδ (wide) wavelength windows. The blue
and red continuum are 4030− 4082A˚ and 4122− 4170A˚,
respectively. The wavelength range for the line is 4082−
4122A˚. A linear chi-square fit to the flux in the two con-
tinuum bands determines the continuum. The residuals
from the continuum fit are calculated, 3σ outliers are re-
moved and the continuum is refit. The flux in the line
wavelength window is normalized to the best-fit contin-
uum. The EW of the line is determined by summing
the pixels in the line wavelength window. The EW error
is determined by standard error propagation of the flux
uncertainties.
We measure the Hδ EW for all galaxies. For a ro-
bust identification, we limit the E+A sample to galaxies
with Hδ EW measured with a signal-to-noise (S/N) ra-
tio > 3. A small fraction of objects are spurious due to
strong sky line contamination and/or unidentified emis-
sion lines. We identify these objects by visual examina-
tion.
3 Negative EWs indicate absorption lines.
4Fig. 2.— (A) Redshift, (B) stellar mass (C) velocity dispersion and (D) Dn4000 distribution of the resolved parent (gray dashed,
hashed) and E+A samples (solid black). The peak value of the histograms are normalized to unity. We abbreviate arbitrary units as A.U.
throughout.
Fig. 3.— (A) Redshift, (B) stellar mass (C) velocity dispersion and (D) Dn4000 distribution of the point source parent (gray dashed,
hashed) and E+A samples (solid black). The peak value of the histograms are normalized to unity.
TABLE 1
Sample Source
Sample BOSS SDSS SEGUE TOTAL
Resolved Parent Sample 2283 1526 0 3809
Resolved E+A Sub-Sample 109 39 0 148
Point Source Parent Sample 1001 589 124 1714
Point Source E+A Sub-Sample 144 144 2 290
Total Sample 3284 2115 124 5523
The final sample consists of 438 E+A galaxies: 148
and 290 are from the resolved and point source parent
samples, respectively. Of the 148 galaxies in the resolved
sample, 109 and 39 are part of BOSS and SDSS, respec-
tively. Of the 290 galaxies in the point source sample,
144, 144 and 2 are in the BOSS, SDSS and SEGUE sam-
ples, respectively. Table 1 summarizes the various sam-
ples and the source surveys and Figures 2 and 3 show
their properties.
Our selection and identification of compact E+A
galaxies is complementary to previous catalogs of E+A
galaxies from the SDSS. There is no overlap with the
catalog of T. Goto4 which is based on the DR7 and is
selected with S/N> 10 for absorption lines. The E+A
properties are in Table 3.
4 http://www.phys.nthu.edu.tw/∼tomo/cv/index.html
52.5. Stellar Population Ages
The Dn4000 index is the flux ratio between two spec-
tral windows adjacent to the 4000A˚ break (Balogh et al.
1999). We measure the Dn4000 index directly from the
SDSS spectra. The index is related to the age of the
stellar population (Kauffmann et al. 2003) and we use it
as a directly measured proxy of the relative age.
We estimate ages of galaxies by fitting their spectra
against a grid of simple stellar population (SSP) mod-
els computed with the pegase.hr code (Le Borgne et al.
2004) using the nbursts full spectrum fitting technique
(Chilingarian et al. 2007b,a). We limit the spectral fit to
the rest-frame wavelength range of 3700 − 6800A˚. The
ages we measure represent the luminosity weighted SSP-
equivalent value (i.e., a model with a single instantaneous
starburst).
Figures 2 and 3 show the measured properties of the
E+A galaxies. For the resolved sample, the distribution
of the E+A galaxy properties differs significantly from
the parent sample highlighting the selection bias present
in that sample. For the point source sample, the dis-
tribution of the E+A galaxy and parent sample proper-
ties are more similar. Figure 3B shows that the stellar
masses of E+A galaxies are shifted towards more massive
objects. This shift is largely a consequence of the higher
S/N spectroscopy required to identify E+A galaxies that
biases the distribution towards brighter, more massive
objects. The difference in the stellar mass distributions
of the resolved and point source parent samples (Figures
2B and 3B) is due to the different magnitude limits of
the surveys used to select these samples.
3. PROPERTIES OF E+A GALAXIES
The compact E+A galaxies at 0.2 < z < 0.8 have re-
cently ceased star formation. Here, we examine the phys-
ical properties of these galaxies to explore the possibility
that they are the progenitors of compact quiescent galax-
ies at intermediate redshifts. In Section 3.1 we examine
the sizes of compact E+A galaxies measured from HST
imaging and in Section 3.2 we compare the stellar pop-
ulation ages of compact E+A galaxies with the parent
samples (resolved + point source) of compact quiescent
galaxies.
We examine the velocity dispersions and derive num-
ber densities in Sections 3.3 and 3.4, respectively. In
these two sections, we restrict our analysis to the BOSS
point source sample. The BOSS point source sample is
the deepest, uniformly sampled survey covering a large
fraction of the sky. The depth of the survey ensures that
the sample contains a large number of sources across the
redshift range we analyze; the large sky coverage miti-
gates the effects of cosmic variance. For the analysis in
Sections 3.3 and 3.4, we do not use the other samples
in this study because they are not uniformly sampled at
the depth of BOSS.
3.1. HST Sizes
To establish that E+A galaxies are indeed compact,
we cross-match our E+A catalog with the HST archive.
Four galaxies in our sample are imaged with HST. Fig-
ure 4 shows WFC3/UVIS F814W images of three of
the four galaxies (HST GO 12272; PI: C. Tremonti;
Diamond-Stanic et al. 2012). The fourth galaxy is ob-
served with the WFC3/IR F160W but is unresolved
even in HST imaging (HST Program ID 12613, PI: K.
Jahnke). For each of the resolved galaxies we fit the pro-
file with GALFIT using the Sersic profile model given by
Equation 2. For the unresolved source we adopt the half-
width half maximum of the WFC3 F160WPSF (∼ 0.′′13)
as an upper limit on the galaxy size. The properties of
the four objects are in Table 2.
The Σ1.5 we measure firmly establishes the four galax-
ies with HST imaging as compact. Figure 5 shows the
spectra for these four galaxies. The spectra exhibit the
defining characteristics of E+A galaxies; strong Balmer
absorption and no measurable emission lines. While the
cross-matched sample is small, all four galaxies we iden-
tify as compact E+As are indeed very compact based
on the Σ1.5 definition. The result that all four galax-
ies imaged with HST are compact is consistent with
Damjanov et al. (2014) who apply a similar selection to
identify compact galaxies in the BOSS.
3.2. Stellar Population Ages
Here we examine the stellar population ages of E+A
and massive compact quiescent galaxies to assess when
these two populations of galaxies shut down star forma-
tion and became quiescent.
Figures 2D and 3D show the Dn4000 index distribu-
tion of the E+A and parent samples of quiescent galaxies.
The Dn4000 indices of the E+A galaxies are . 1.5. The
Dn4000 distribution suggests that the stellar populations
of E+A galaxies in our sample are typically younger than
the parent population, consistent with the recent cessa-
tion of star formation in E+A galaxies.
Figure 6 shows the stellar population age distribution
for galaxies in the resolved and point source parent sam-
ples combined (which we refer to as the “total” sample).
Although the typical timescale for the starburst associ-
ated with E+A galaxies is < 1 Gyr, the SSP-equivalent
age is a luminosity weighted average over the whole stel-
lar population; thus, older stellar populations present at
the time of the starburst are averaged into the age es-
timate. Figure 6 shows that E+A galaxies have SSP-
equivalent ages that are < 3 Gyr with the peak of the
distribution around∼ 800 Myr. The parent sample tends
to be older with ages distributed around 5-10 Gyr. The
comparison of ages supports our conclusion based on
the Dn4000 distribution that E+A galaxies represent the
young tail of the quiescent galaxy age distribution.
We estimate the redshift of the E+A starburst by sub-
tracting the SSP-equivalent age5 from the age of the uni-
verse at the observed redshift of each galaxy. Because the
timescale of the starburst is significantly shorter than the
stellar population ages we measure (Mihos & Hernquist
1996), the starburst redshift is roughly coincident with
the redshift where star-formation shut down. We refer
to this redshift as the “redshift of cessation” and plot
the distribution in Figure 7. The massive compact E+A
galaxies are significantly younger than the parent pop-
ulation and the vast majority ceased forming stars at
z < 1.
5 For E+A galaxies we treat the measured luminosity weighted
SSP-equivalent age as an upper limit estimate of the age of the
starburst; older stellar populations contribute to the luminosity
and thus to the age we derive for the stellar population.
61”=6.9 kpc
1”=7.5 kpc
1”=7.2 kpc
Fig. 4.— HST images for three E+A galaxies. The first column shows a thumbnail ACS image of the galaxy. The second column
shows the best-fit two dimensional Sersic model (Equation 2). The third column shows the residuals. A fourth galaxy imaged by HST is
unresolved and thus not shown here.
TABLE 2
HST Imaged Sample Properties
RA Dec Redshift log(M∗/M⊙) Re [kpc] Σ1.5[M⊙ kpc
1.5] Age [Myr] Sample
192.02979 6.0199444 0.63229 11.58 0.99 11.59 960 Point Source
222.62021 46.360472 0.78184 11.86 0.64 12.15 20 Point Source
248.92379 47.156778 0.69931 11.84 1.59 11.54 270 Resolved
198.74036 53.574875 0.39277 11.36 < 0.70 > 11.59 680 Point Source
3.3. Velocity Dispersions
To further investigate the link between compact quies-
cent galaxies and compact E+A galaxies, we examine the
distribution of the central stellar velocity dispersion. We
compare the velocity dispersion distribution of compact
E+A galaxies in the point source parent sample with
the complementary point source parent sample, i.e. the
point source parent sample with E+A galaxies removed.
Figure 8 shows the velocity dispersion distribution of the
E+A (black) and complementary parent (red) samples.
We test whether the two distributions are drawn from
the same underlying distribution using the Kolmogorov-
Smirnov (KS) and Anderson-Darling (AD) tests. We
limit the comparison to objects with velocity dispersions
70 < σ < 500 km s−1. The lower limit is set by the spec-
trograph resolution (Thomas et al. 2013) and the upper
limit rejects outliers. The KS and AD probabilities that
the two samples are drawn from the same distribution
are 21 and 19%, respectively. Thus, the hypothesis that
the data are drawn from the same underlying distribu-
tion can not be rejected.
The velocity dispersion is a directly measured funda-
mental physical property of galaxies. In the absence of
merging, accretion or other dynamical interactions, the
velocity dispersion of a quiescent galaxy should remain
nearly constant as a function of time. Thus, the similar-
7Fig. 5.— Rest-frame spectra of the four galaxies observed with
HST. The top three spectra correspond to the galaxies shown in
Figure 4 plotted in the same order from top to bottom. The gray
spectrum is the E+A galaxy which is unresolved in HST WFC3
imaging. The spectra are presented in the same order from top to
bottom as the object properties given in Table 2.
Fig. 6.— Single burst, simple stellar population equivalent age
distribution determined from fitting models to the spectra of galax-
ies in the total sample. The solid black histogram is the age dis-
tribution of the E+A galaxies in the total sample (see text for
sample definition). The gray, hashed histogram is the age distri-
bution of galaxies in the complementary (excluding E+A galaxies)
total sample.
ity in the central velocity dispersion distributions of com-
pact E+A galaxies and parent sample of compact quies-
cent galaxies supports the hypothesis that compact E+A
galaxies are a progenitor of compact quiescent galaxies
at intermediate redshifts.
3.4. Number Density
We next estimate the number density of E+A galax-
ies following Damjanov et al. (2014). The BOSS data are
sparsely sampled based on a hierarchy of selection criteria
(Ross et al. 2012). Thus, we derive empirical corrections
to account for spectroscopic incompleteness. We com-
Fig. 7.— “Redshift of cessation” for E+A galaxies in our com-
bined sample.
Fig. 8.— Velocity dispersion distribution of the BOSS point
source E+A (black) and complementary parent (red) samples. The
error bars are Poisson errors.
pare the total number of point sources in SDSS imaging
with the number of objects spectroscopically targeted by
BOSS as a function of magnitude and color. We derive
the correction based on a 1000 square degree6 subset of
the full ∼ 10, 000 square degree BOSS survey. We down-
load the PSF magnitudes of all point sources in the SDSS
imaging along with the flag indicating whether the object
is targeted for spectroscopy.
We derive the spectroscopic completeness by determin-
ing the fraction of galaxies targeted for spectroscopy rel-
ative to the total number of point sources as a function
of r-band magnitude, r − i and i − z color. Following
Damjanov et al. (2014), we derive a completeness cor-
rection for each galaxy by taking a region of ∆r = 0.2,
∆(r − i) = 0.4 and ∆(i − z) = 0.5 centered about the
observed r-band magnitude, r − i and i − z colors, re-
6 The correction is derived from a fraction of the sample for
reasons of computational efficiency.
8Fig. 9.— Number density of compact E+A in the BOSS point
source sample is shown in black points. The complementary sample
of compact quiescent galaxies in the BOSS point source sample is
shown by gray triangles. The data are corrected for spectroscopic
incompleteness. They are lower limits to the true number density.
Damjanov et al. (2015) measure the number density of compact
galaxies (identified using the B13 classification) from publicly avail-
able data in the COSMOS field. They find that the number density
of compact galaxies is 10(3.55±0.26) Mpc−3; within the uncertain-
ties, the number density is independent of redshift for galaxies at
0.2 < z < 0.8. The dashed line shows the Damjanov et al. (2015)
number density estimate. The dotted line is a linear fit (Equation
3) to the lower limit of the number density of E+A galaxies.
spectively. The region widths we adopt roughly corre-
sponds to the typical ±2σ confidence interval for the
parent sample (Damjanov et al. 2014). In this region
of magnitude and color space, we calculate the ratio of
the number of spectroscopic targets to the total number
of point sources. We weight the number count for each
galaxy by this ratio. The median weight applied to the
sample is 21.75. A few objects inhabit a part of the color
space where we can not derive a correction because of the
scarcity of sources. For these objects, we apply no cor-
rection for spectroscopic incompleteness. The correction
is insensitive to the width of the color and magnitude
region or to the combination of colors used to derive the
correction.
We estimate the number density in bins of redshift with
∆z = 0.1. We take the total weighted number of galaxies
over the cosmological comoving volume calculated from
the fraction of the sky observed by BOSS and the red-
shift limits of each bin. In Figure 9 we plot the number
density of BOSS galaxies as a function of redshift. The
black and gray points are the lower limits for the number
density derived from the point source E+A sample and
from the complementary (excluding E+A galaxies) point
source parent sample, respectively. The number density
of unresolved sources remains relatively constant as a
function of redshift whereas the the number density of
E+A galaxies declines at late times. At z ∼ 0.6−0.8 the
number densities of the two populations are comparable.
Because the number density estimates are lower limits,
we are unable to draw any firm quantitative conclusions
regarding the formation of compact quiescent galaxies at
z < 0.8. However, the analysis clearly demonstrates that
some compact galaxies may first appear as quiescent at
z < 0.8, i.e. new compact quiescent galaxies form at
intermediate redshifts.
The lower limit to the number density of E+A galaxies
derived from the point source sample as a function of
redshift is
NE+A(z) = 10
−5.8±0.2(z − 0.5)4.6±1.3 [Mpc−3]. (3)
We fit a linear model to the data in log-log space using
linfit.pro in IDL. We do not have an estimate of the ob-
servational uncertainty in the number densities because
they are lower limits. The errors in the fit are determined
from the deviation of the lower limit number density es-
timates (black points in Figure 9) from the linear model
we fit. This procedure assumes that the linear model is
the correct model of the data (Press et al. 2002). The de-
clining number density is in qualitative agreement with
the declining fraction of E+A galaxies found in clus-
ters as a function of time (e.g., Dressler & Gunn 1983;
Fabricant et al. 1991; Poggianti et al. 1999; Tran et al.
2003).
Damjanov et al. (2014) show that the unresolved
galaxies in BOSS provide a lower limit to the number
density of compact galaxies. The dashed line in Figure 9
shows the number density of compact galaxies at inter-
mediate redshifts based on HST imaging and highly com-
plete spectroscopy (Damjanov et al. 2015). The compar-
ison suggests that the correction for spectroscopic incom-
pleteness yields a lower limit that is typically a factor
∼ 3− 5 below the measured value.
The estimates in Figure 9 are lower limits to the num-
ber density. Figure 10A shows the stellar mass as a func-
tion of redshift for the BOSS unresolved sample. The
lowest stellar masses probed increases with redshift be-
cause the BOSS survey is magnitude limited. A similar
declining trend is also present for the largest mass as a
function of redshift. Size and stellar mass are correlated
and the stellar mass where galaxies are unresolved in
SDSS declines at lower redshift. Thus, the most massive
compact galaxies are resolved at lower redshifts. These
two effects contribute to incompleteness in the sample.
Figure 10A shows that E+A galaxies appear to follow
similar trends to the parent BOSS sample but the stellar
mass distribution shifts towards more massive galaxies.
Figure 10B shows an empirical estimate of the S/N in
the two continuum windows adjacent to the Hδ absorp-
tion line. The distribution of E+A galaxies is offset to
higher S/N. High S/N is required to identify E+A galax-
ies, therefore the E+A galaxies tend to be brighter, more
massive objects than the parent BOSS sample.
4. THE CONTRIBUTION OF E+A GALAXIES TO THE
ABUNDANCE OF COMPACT GALAXIES
The properties of E+A galaxies in our sample are con-
sistent with their being a progenitor of compact quiescent
galaxies at intermediate redshifts. Here we ask whether
the rate of compact E+A galaxy appearance is large
enough to contribute significantly to the compact qui-
escent galaxy population. We derive a prediction for the
rate of compact quiescent galaxy formation as a func-
tion of redshift assuming passive evolution. Specifically,
we assume that: (1) compact E+A galaxies are the pro-
genitors of compact quiescent galaxies which undergo a
starburst, cease star formation and move onto the red
sequence and (2) after the cessation of star-formation,
9Fig. 10.— (A) Stellar mass of the BOSS point source sample as a function of redshift. The black points show the parent sample and the
red points are E+A galaxies. (B) The empirically determined S/N of the continuum measured in two windows adjacent to the Hδ absorption
line. The solid black and gray, hashed histograms are the S/N distributions for the BOSS point source and E+A and complementary parent
samples, respectively.
compact E+A galaxies do not undergo any subsequent
size growth.
The volume averaged rate of compact E+A galaxy for-
mation depends on the volume number density of com-
pact E+A galaxies and the timescale when the spectral
properties that define E+A galaxies are visible. We cal-
culate the lower limit to the number density of com-
pact E+A galaxies as a function of time in Section 3.4.
The E+A visibility timescale is limited by the evolving
[OII]λ3727 and Hδ EWs in post-starburst galaxies. Thus,
the visibility timescale for an E+A galaxy depends on the
timescale when a post-starburst galaxy meets the selec-
tion criteria; [OII] EW < 2.5 A˚ and Hδ EW < −5A˚.
Falkenberg et al. (2009) model the spectral properties
of E+A galaxy formation and evolution assuming various
galaxy transformation scenarios and star formation his-
tories. They adopt a less restrictive [OII] EW criteria for
defining E+A galaxies (< 5 A˚). For their grid of mod-
els, the E+A phase is always < 0.7 Gyr (see their Figure
9). Because of their weaker restriction on the [OII] EW
and the fact that 0.7 Gyr is the longest timescale they
find for the E+A phase, we adopt 0.5 Gyr as the typical
visibility timescale.
We combine the number density and visibility time of
E+A galaxies to derive the volume averaged rate of com-
pact quiescent galaxy production. The rate is
R(t) =
N(t)
∆T
[Mpc−3 Gyr−1]. (4)
Here, N(t) is the volume number density (shown in Fig-
ure 9) and ∆T is the visibility timescale.
A second issue for consideration when estimating the
potential contribution of E+A galaxies to the compact
quiescent galaxy population is the timescale of quies-
cence, i.e. the timescale over which galaxy proper-
ties evolve to the point where a galaxy is classified
as quiescent. The quiescence timescale depends on
the definition used to classify quiescent galaxies. We
adopt the Ilbert et al. (2013) classification because it is
based on the commonly used color-color diagram (c.f.
Damjanov et al. 2015). Ilbert et al. (2013) classify galax-
Fig. 11.— Color evolution of a passively evolving galaxy as a
function of time after the cessation of star formation based on the
FSPS model. The NUV − r and 3× (r− J) + 1 colors are plotted
by the solid and dotted lines, respectively. The dashed lines at
log(Age) ∼ 1.6 and ∼ 2.6 indicate when the passively evolving
galaxy meets the (NUV − r) > 3× (r − J) + 1 and (NUV − r) >
3.1 quiescent galaxy classification criteria of Ilbert et al. (2013),
respectively.
ies as quiescent if (NUV − r) > 3.1 and (NUV − r) >
3× (r − J) + 1.
We quantify the timescale over which galaxy colors
evolve by modeling a passively evolving galaxy with
the Flexible Stellar Population Synthesis (FSPS) code
(Conroy et al. 2009; Conroy & Gunn 2010). We calcu-
late NUV − r and r − J for a solar metallicity galaxy
that undergoes a constant star formation rate which in-
stantaneously shuts down after 500 Myr. Figure 11 shows
the color evolution as a function of time after the shut
down of star formation. (NUV − r) > 3 × (r − J) + 1
and (NUV − r) > 3.1 occur ∼ 40 and ∼ 400 Myr af-
ter the shut down of star-formation, respectively. Thus,
we conclude that based on the Ilbert et al. (2013) clas-
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Fig. 12.— Predicted number density of newly appearing compact
galaxies is shown by the black points. The gray triangles are the
number density of compact quiescent galaxies excluding compact
E+A galaxies, same as in Figure 9. The prediction is based on
estimating a rate of compact galaxy production from the observed
E+A galaxy number density as described in the text. The data
have only been corrected for spectroscopic incompleteness and thus
are lower limits to the true number density. The dashed line is the
number density of compact galaxies measured in the COSMOS
field (Damjanov et al. 2015).
sification galaxies rapidly come on to the red sequence
after the shutdown of star formation. Because the quies-
cence timescale is comparable with the E+A visibility
timescale and both timescales are an order of magni-
tude smaller than the fraction of cosmic time between
0.2 < z < 0.8, we can assume that E+A galaxies instan-
taneously move onto the red sequence.
The predicted lower limit contribution of compact qui-
escent galaxies formed at z < 0.8 to the compact quies-
cent galaxy population at intermediate redshifts is
Nc(t < tz=0.8)
∫ tz=0.8
t
R(t′)dt′ [Mpc−3]. (5)
Here, Nc(t) is the predicted number density of compact
galaxy formation as a function of time t for z < 0.8,
tz=0.8 is the cosmic time at z = 0.8 and R(t
′) is the
rate of compact galaxy production (Equation 4). This
calculation makes very simple, motivated assumptions;
compact E+A galaxies instantaneously come onto to the
red sequence (Figure 11) and subsequently do not grow
in size.
Figure 12 shows the relative contribution of compact
E+A galaxies to the older compact quiescent galaxy pop-
ulation at intermediate redshifts. The complementary
compact quiescent galaxy sample shown in gray excludes
young compact E+A galaxies. Thus, the complementary
sample is mostly comprised of older galaxies (see Fig-
ure 6). The combination of compact E+A galaxies and
the complementary sample of compact quiescent galaxies
makes up the total compact quiescent galaxy population
seen in BOSS as point sources at z < 0.8. The pre-
dicted lower limit contribution of compact galaxies first
appearing as quiescent at z < 0.8 is comparable to the
lower limit number density of the complementary sample
of compact quiescent galaxies. This suggests that a large
fraction of the intermediate redshift compact quiescent
galaxy population may first appear at intermediate red-
shifts. Our analysis is based on BOSS which sparsely
samples the galaxy population and uses a hierarchy of
selection criteria; a complete spectroscopic survey with
a simple selection function is necessary to quantify the
formation rate of new compact galaxies at intermediate
redshifts and to assess their relative contribution to the
preexisting compact quiescent galaxy population. How-
ever, our analysis clearly demonstrates that the interme-
diate redshift compact quiescent galaxy population is a
mix of galaxies that have only recently shut down star
formation and older galaxies which ceased forming stars
at high redshift.
5. DISCUSSION
Several studies based on the comparison of high red-
shift and local quiescent galaxies suggest that com-
pact quiescent galaxies form at high redshifts and sub-
sequently grow in an inside-out manner (Trujillo et al.
2007; van Dokkum et al. 2010; Newman et al. 2012;
Carollo et al. 2013; Toft et al. 2014, to cite a few). The
two observational cornerstones of this paradigm are the
increase in the average size of compact galaxies at late
times (e.g., Daddi et al. 2005; van der Wel et al. 2014)
and the rapid decline in the number density of com-
pact galaxies in the local universe (Trujillo et al. 2009;
Taylor et al. 2010; van der Wel et al. 2014). While the
average growth in size may be explained by the addi-
tion of larger galaxies to the quiescent galaxy popula-
tion, i.e. progenitor bias (van Dokkum & Franx 2001;
Carollo et al. 2013; Cassata et al. 2013), the purported
dearth of compact galaxies in the local universe requires
that a large fraction of the compact galaxy population
observed at high redshift grows as a function of time.
Regardless of whether the average growth of the popula-
tion is due to growth of individual quiescent galaxies or
to progenitor bias or both (Belli et al. 2015), the produc-
tion of compact galaxies solely at high redshift remains
central to the paradigm.
The compact galaxy formation and evolution paradigm
largely connects measurements of the number den-
sity of compact galaxies at high redshifts with local
measurements based on the SDSS (Trujillo et al. 2009;
Taylor et al. 2010). One explanation for this reported
precipitous decline in the number density is that qui-
escent compact galaxies somehow grow at intermedi-
ate redshifts. However, several studies examining dense
regions in the local universe (Valentinuzzi et al. 2010;
Poggianti et al. 2013) and quiescent galaxies at inter-
mediate redshifts (Carollo et al. 2013; Damjanov et al.
2014, 2015; Gargiulo et al. 2016) challenge these initial
measurements of a rapid decline in the abundance of
compact galaxy population at late times. These stud-
ies find that the number density of compact galaxies at
z < 1 is nearly constant.
Motivated in part by the apparent rapid decline in
the compact galaxy number density at late times, sev-
eral possible growth mechanisms were proposed. Minor
merger driven growth is a favored viable mechanism sup-
ported by observational evidence (Newman et al. 2012).
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However, the viability of this mechanism remains contro-
versial (e.g., Nipoti et al. 2009b,a). Thus, although the
initial focus was explaining the inferred size growth of
the quiescent galaxy population, the focus has shifted.
The issue now is whether the constant number density
of compact galaxies at z < 0.8 can be reconciled with the
growth and attrition of quiescent galaxies, whatever the
mechanism.
We demonstrate that compact quiescent galaxies con-
tinuously form and that a significant fraction of the com-
pact quiescent galaxy population at z < 0.8 may first
appear at these intermediate redshifts. Although this
scenario does present a challenge to the dominant view
that compact galaxies form exclusively at high redshifts,
it helps to resolve the tension between growth of individ-
ual quiescent galaxies and the constant number density
of compact galaxies at z < 1. Moreover, our results ex-
plain the young stellar populations (. 2 Gyr) of some
compact galaxies in the local and intermediate redshift
universe (Trujillo et al. 2009; Damjanov et al. 2014). A
constant number density of compact quiescent galaxies at
z < 1 requires that the rate of compact quiescent galaxy
formation equals the rate of compact quiescent galaxy at-
trition due to the growth of individual compact galaxies.
A better understanding of the physical processes respon-
sible for the formation and growth of compact quiescent
galaxies is necessary to explain this balance.
Two classes of objects−compact E+A and compact
quiescent galaxies−may be linked by a common forma-
tion scenario. The formation mechanism for these two
types of objects remains uncertain but the major merger
of two gas-rich galaxies offers one well studied possibil-
ity. Simulations suggest that a high degree of dissipation
is required to form compact remnants (e.g., Cox et al.
2006; Khochfar & Silk 2006) and large quantities of gas
are needed to fuel a starburst. A gas-rich merger pro-
vides the physical conditions for triggering a starburst
and for producing a compact remnant. Thus, the E+A
phase may be a common, short-lived evolutionary phase
in compact galaxy formation and evolution. Depend-
ing on how compact quiescent galaxy samples are se-
lected (e.g., photometric versus spectroscopic selection
criteria), E+A galaxies may be included within compact
quiescent galaxy samples or they may be progenitors of
compact quiescent galaxies. In the latter case, passive
evolution alone would be sufficient for them to be even-
tually classified as quiescent.
The models of Falkenberg et al. (2009) suggest that the
post-starburst phase in a gas-rich merger scenario would
be characterized by an E+A-type spectrum persisting for
about ∼ 500 Myr. The compact E+A galaxies imaged
with HST all have disturbed morphologies (see Figure
4), a result consistent with a merger scenario for E+A
galaxies (also see Zabludoff et al. 1996; Yang et al. 2004;
Goto 2005). Within this context, some of the compact
star-forming galaxies examined by Diamond-Stanic et al.
(2012) and Sell et al. (2014) may be the precursors of the
compact E+A galaxies we study here.
Compact quiescent galaxies may not form by a sin-
gle mechanism. Gas-rich mergers may not be a neces-
sary and sufficient condition for the formation of com-
pact galaxies and not all E+A galaxies are necessarily
compact. Based on their physical properties, we simply
show that compact E+A galaxies exist and they are nat-
urally linked to the massive compact quiescent galaxies
at 0.2 < z < 0.8. Furthermore, the number density of
compact E+A galaxies suggests that their passive evolu-
tion may contribute significantly to the compact quies-
cent galaxy population. Compact quiescent galaxies at
z < 0.8 have a wide range of stellar populations ages
(see Figure 6; Trujillo et al. 2009; Poggianti et al. 2013;
Damjanov et al. 2014). Thus, to maintain constant num-
ber density of compact quiescent galaxies at intermedi-
ate redshifts, there must be attrition and replenishment
within the population.
6. CONCLUSIONS AND FUTURE PROSPECTS
We identify 438 compact E+A galaxies in the SDSS
and BOSS and make these data publicly available. This
is the first large catalog of compact E+A galaxies. The
mere existence of compact E+A galaxies at z < 0.8
means that some fraction of the compact quiescent
galaxy population first appears at intermediate redshifts.
We examine the sizes, stellar population ages and central
velocity dispersions of these galaxies and demonstrate
that compact E+A galaxies are a likely progenitor of
compact quiescent galaxies at 0.2 < z < 0.8.
We derive a lower limit to the number density of com-
pact E+A galaxies. We then construct a simple model
assuming that compact E+A galaxies passively evolve.
The model suggests that a substantial fraction of the
z < 0.8 massive compact quiescent galaxy population
may first appear at these intermediate redshifts. These
results link two classes of objects−compact E+A and
compact quiescent galaxies−by a common evolutionary
sequence.
The appearance of new compact quiescent galaxies at
intermediate redshifts provides important constraints on
theoretical models of galaxy formation and evolution.
Major gas-rich mergers are a possible evolutionary mech-
anism linking compact E+As and compact quiescent
galaxies. This scenario can be examined in more de-
tail by combining state-of-the-art hydrodynamical mod-
els (e.g., Cox et al. 2006) with simple stellar population
synthesis techniques (e.g., Falkenberg et al. 2009). The
constraints and formation scenarios for compact quies-
cent galaxies may also be investigated with large-scale
cosmological simulations (e.g., Wellons et al. 2015).
Quantifying the absolute number density of compact
E+A galaxies is critical for understanding their role in
the evolution of compact quiescent galaxies. Future mea-
surements based on relatively complete, high quality
spectroscopy in combination with high resolution HST
imaging will advance towards this goal. These samples
may be used to robustly quantify the distribution of stel-
lar population ages of compact quiescent galaxies as a
function of redshift. This approach measures the frac-
tional contribution of newly appearing compact quiescent
galaxies directly. This rate can then be used to evaluate
the impact of size growth on the apparent abundance of
compact quiescent galaxies at intermediate redshifts.
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